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The International Pulsar Timing Array (IPTA) is a galactic-scale gravitational-wave observatory
that monitors an array of millisecond pulsars. The timing precision of these pulsars is such that
one can measure the correlated changes in pulse arrival times accurately enough to search for the
signature of a stochastic gravitational-wave background. As we add more pulsars to the array, and
extend the length of our dataset, we are able to observe at ever lower gravitational-wave frequencies.
As our dataset matures we are approaching a regime where a detection is expected, and therefore
testing current data analysis tools is crucial, as is the development of new tools and techniques.
In this spirit, here we introduce the second IPTA Mock Data Challenge, and briefly review the
first. The purpose of this challenge is to foster the development of detection tools for pulsar timing
arrays and to cultivate interaction with the international gravitational-wave community. IPTA mock
datasets can be found at the IPTA GitHub page, https://github.com/ipta/mdc2.
I. THE INTERNATIONAL PULSAR TIMING
ARRAY
The International Pulsar Timing Array (IPTA) [1–6]
is a consortium of constituent pulsar timing array (PTA)
collaborations, working together across continents. It in-
cludes a large and diverse group of scientists spanning
many disciplines, from hardware development to tests of
General Relativity, dedicated to the search for nanohertz
gravitational waves (GWs). The founding members in-
clude the Parkes Pulsar Timing Array [7, 8], the Euro-
pean Pulsar Timing Array [9–13], and the North Amer-
ican Nanohertz Observatory for Gravitational Waves
(NANOGrav), see e.g. [14–16].
Currently, the IPTA is finalizing preparations on its
second data release, and is looking to expand to include
new and emerging PTA collaborations, like the Indian
Pulsar Timing Array and the Chinese Pulsar Timing Ar-
ray, in a joint effort to observe low-frequency GWs.
II. PULSAR TIMING ARRAYS AS
GRAVITATIONAL WAVE DETECTORS
Pulsar timing uses the precision timing of ultra-stable
millisecond pulsars to search for nanohertz GWs. GWs
sweeping through the galaxy advance or delay the arrival
times of these regular pulses from the pulsars. An ad-
vance or delay in a single pulsar could be due to intrinsic
noise processes in the pulsar, or other unmodeled effects
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on the pulse as it travels through the galaxy, however a
GW signal would be present in all the pulsar residuals –
the difference between the expected and the actual arrival
time. In the presence of an isotropic GW background
(GWB), likely formed from the cosmic merger history of
supermassive black holes (SMBHs), these residuals will
be correlated, with the correlation function described by
the Hellings and Downs curve [17].
The primary source of low-frequency GWs is expected
to be from early the inspiral phase of supermassive
black hole binaries (SMBHBs), with masses greater than
∼ 108 M. The incoherent superposition of these GWs
should form a GWB with an amplitude A ranging any-
where from 1×10−16−2×10−15, at a reference frequency
of 1/yr [18–25]. The amplitude of the GWB depends
strongly on the astrophysics underlying SMBH mergers:
the merger rate (or stalling), the black hole masses, and
the SMBH population fraction (how many galaxies host
SMBHs). The shape of the spectrum can also be affected
by stars and gas interacting with the binary, as well as bi-
nary eccentricity, all of which cause the strain spectrum
to turn over at low frequencies [15, 26–28]. As such,
the most up-to-date analyses of PTA data have already
set astrophysically interesting bounds on these processes
[7, 15, 28].
Since PTAs are sensitive to any class of nHz GW signal,
they can also provide new insights into cosmology – e.g.
limits on the tensor-to-scalar ratio r and the tensor index
nt [9, 15, 29], tests of general relativity [30, 31], and limits
on cosmic string tension [9, 15, 28, 32, 33].
The strongest signal for PTAs is expected to be an
isotropic GWB, as described above [34]. It is expected to
be detected in the next five years, though the amplitude
of the GWB depends on the astrophysics underlying the
cosmic merger history of SMBHs [35–37]. Single-source
GWs from local SMBHBs are expected to be detected in
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2the next 10 years, with similar caveats [38].
III. FIRST MOCK DATA CHALLENGE
In order to encourage development of GW search algo-
rithms for pulsar timing data, the IPTA issued the first
mock data challenge (MDC) in 2012. This first MDC was
developed and administered by Fredrick Jenet, Kejia Lee
and Michael Keith. The challenge solicited 13 analysis
code submissions and spawned a number of publications
from those submissions, e.g. [39–43]. The original chal-
lenge contained two rounds, each with 3 datasets. One
of the rounds was open, with all of the noise charac-
teristics and signal injections known to the participants.
The other dataset was closed, and was the focus of the
submissions. The injections into all datasets were rela-
tively strong signals excluded by recent upper limits set
in the literature by various PTAs. A summary of the
submissions for the first MDC can be seen in Figure 1.
The original MDC datasets, and results, can be found at:
http://www.ipta4gw.org/?page_id=89
IV. SOURCES OF NOISE IN PTAS
Since their discovery, pulsars have been used as probes
of a number of interesting astrophysical and gravitational
phenomena, including orbital decay due to gravitational
waves [44], probes of the bulk movement and location of
the interstellar medium [45], finding exoplanets [46] and
tests of the equivalence principle [47]. These, and the
many other astrophysical effects that change the propa-
gation of radio pulses from pulsars, are noisy additions
from the perspective of gravitational wave astronomy.
Noise characterization and mitigation is an active area
of research in the pulsar timing community. A full re-
view of the subject is out of the scope of this work, but
participants in the IPTA MDC are encouraged to take
a look into the extensive literature on the subject. The
following manuscripts, and references therein, are a nice
starting point, [48–53].
V. IPTA MOCK DATA CHALLENGE 2
Over the next few months the IPTA will release two
mock data challenges. The first (MDC2) is being released
now, while the next release (MDC3) will happen in a few
months near the end of 2018.
MDC2 contains two separate groups of datasets. These
datasets are designed as an introduction to analyzing pul-
sar timing data and are similar in complexity to the orig-
inal MDC1. MDC3 will contain more realistic signal and
noise injections.
Within MDC2, Group 1 each dataset contains a ver-
sion of the data which is evenly spaced (a-version), and
another set which has a more realistic, unevenly spaced
cadence of observation epochs (b-version). Both the sig-
nal and noise injections for these datasets are identical,
and the evenly-spaced dataset is provided as a simple
first problem for students as well as a comparison of how
unevenly-sampled data complicates PTA data analysis.
Group 1 is made up of open datasets. Group 1, Dataset
1 contains only white noise, i.e. TOA measurement un-
certainties, for the individual pulsars and only one signal;
a stochastic gravitational wave background injected as
appropriate spatial-correlations between the various pul-
sars. Group 1, Dataset 2 also contains a stochastic GWB
and white noise, but additionally has red noise injections
for the pulsars. Red noise here refers to a low-frequency
process that produces errors in data that are correlated
over long timescales. This red noise is modeled in the
Fourier domain where the power spectral density is mod-
eled as a power law with specific spectral index. Details
about the power-law amplitude and spectral index for
each pulsar can be found in the specific dataset notes.
Group 1, Dataset 3 contains no stochastic background,
but does contain a single SMBHB source.
MDC2 Group 2 has a similar signal/noise content as
Group 1, however there is no longer an evenly sampled
version of the data. These datasets are closed in the sense
that we do not reveal which dataset includes which noise
and signal types. However, we do reveal that the dataset
includes three combinations of signal. One solely con-
tains a stochastic GWB, one contains a stochastic GWB
and a single SMBHB source and one contains no stochas-
tic background but two SMBHB signals. All contain both
white noise and red noise.
Two groups of three datasets will be released near the
end of 2018 in MDC3.
A. Format of Datasets
In Table I we summarize the contents of the 6 different
datasets included in MDC2. Details about the noise pa-
rameters injected into Group 1 can be found along with
the datasets on the IPTA GitHub page in the form of a
json file.
The datasets included in the MDC include parameter
files containing the timing model parameters for a pulsar,
and timing files containing the integrated times-of-arrival
or TOAs of pulsar pulses. These files are referred to as
par and tim files, respectively. The par files contain the
relevant parameters needed to construct such a model to
remove these effects, but its construction is left to the
participant.
VI. PULSAR SOFTWARE
There is a rich history in the pulsar timing commu-
nity of scientist-written and maintained code bases useful
for timing pulsars and, more recently, for doing gravita-
tional wave analyses. The TOAs in the tim file contain
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FIG. 1. Submitted results from the first IPTA MDC, Ellis et al., van Haasteren et al., Taylor et al., Cornish. Shown here are
the limits on Ac, the amplitude of the GWB at a reference frequency of 1/yr, and the index of the strain spectrum, γ. The
upper panels are for searches with fixed γ, and the lower panels search for constraints on Ac and γ. For a GWB created by
SMBHBs, γ = −4.33. Error bars are 1-σ.
Group.
Dataset Time Span Freq (GHz) Cadence Noise Signals
g1.d1a(b) 15 yrs 1.44 30 days WN SB
g1.d2a(b) 15 yrs 1.44 30 days WN,RN SB
g1.d3a(b) 15 yrs 1.44 30 days WN SB+SS
g2.d1 15 yrs 0.8,1.44 30 days - -
g2.d2 15 yrs 0.8,1.44 30 days - -
g2.d3 15 yrs 0.8,1.44 30 days - -
TABLE I. Dataset formats are summarized above for the 6
datasets included in MDC2. All datasets in Group 1 have an
a) and b) version corresponding to the evenly sampled and
unevenly sampled versions. Here WN & RN are short for
white noise and red noise, respectively. The abbreviations in
the last column are Stochastic Background (SB) and Single
Source (SS). The last two columns for Group 2 are left empty
since the dataset is closed.
Doppler shifts from the motion of the Earth in its orbit,
relative proper motion between the solar system and the
pulsar system and any orbital motion of the pulsar, if in
a binary system. In addition, various clock corrections,
observatory location coordinates and other observation
dependent effects must be taken into account to build an
adequate timing model for a given pulsar. While the par-
ticipant is free to write their own code, there are three
publicly available sets of software for modeling pulsar
TOAs. The first is TEMPO[54], written and distributed in
fortran, with code found at [55]. A different code, orig-
inally based on the same algorithms as TEMPO is TEMPO2
[56], written and distributed in c++, with code found at
[57]. Even more recent is PINT, [58], written and dis-
tributed in Python. There is also a publicly available
Python wrapper for TEMPO2 called libstempo [59]. While
new software development is welcome, the participant
is encouraged to use one of these existing packages for
building a pulsar timing model, and to focus their time
on the data analysis algorithm development.
The existence of a number of well developed PTA grav-
itational wave data analysis packages needs to be recog-
nized and commented on here. Among the many rea-
sons for holding a MDC, two are relevant when discussing
these previous code bases; to encourage new researchers
to become involved with PTA data analysis and to fos-
ter the cross pollination of analysis techniques. In order
to facilitate the first of these, the development of an en-
tirely independent code for PTA analysis is not required
for participation in the MDC, though obviously welcome
and encouraged.
Besides the existing analysis codes (TempoNest [60],
42, PAL2 [61], NX01 [62], piccard [63]) there also ex-
ists a code built as a framework for constructing a PTA
analysis developed by the NANOGrav collaboration [64],
called enterprise [65]. Since these tools are accessible
widely, we do not prohibit their use in the MDC, but will
categorize them differently when discussing them in any
manuscript that summarizes the MDC. Entries based on
an existing code base (unless submitted by the developer
4of that code) must add some significant new ability to
the base code in order to warrant their submission, and,
of course, cite the original developer. An example of such
an addition could be a new way of modeling noise in a
pulsar, or using the output from the original code to cal-
culate a different statistic.
Please see https://github.com/ipta/mdc2 for the
datasets and ongoing updates about the MDC. Direct
any questions to hazboun@uw.edu.
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